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Abstract
Urban stormwater runoff transports a suite of environmental pollutants that can degrade
the quality of receiving waters. Bioretention cells, a type of engineered raingarden, have been
shown to reduce runoff volumes and remove a variety of pollutants. The ability of conventional
bioretention cells to remove nitrogen and phosphorus, however, is variable and bioretention soil
media can act as a net exporter of nutrients. This is concerning as excess loading of nitrogen and
phosphorus can lead to eutrophication of surface waters. Drinking water treatment residuals
(DWTR), metal (hydr)oxide rich byproducts of the drinking water treatment process, have been
studied as an amendment to bioretention soil media due to their high phosphorus sorption
capacity. However, very few studies have explicitly addressed the effects that DWTRs may have
on nitrogen cycling within bioretention cells. This research investigates any potential benefits or
tradeoffs that DWTR amendment has on nitrogen removal in bioretention cells. The capacity for
DWTRs to either retain or leach dissolved inorganic nitrogen was tested in the laboratory, and a
full-scale field experiment was conducted where DWTR amended bioretention cells and
experimental Controls were monitored for influent and effluent nitrogen concentrations over two
years. The results of this thesis show that the DWTRs tested have little to no effect on the
transformation and removal of nitrogen in bioretention cells.

Introduction
Pollution from stormwater runoff has become a major issue in urban environments.
Pollutants in urban runoff originate from atmospheric deposition, drainage surfaces in the built
environment, and human activities. These pollutants include heavy metals, polycyclic aromatic

2
hydrocarbons, pesticides, suspended solids, and nutrients (Müller et al. 2020). These
anthropogenic substances are harmful to human and environmental health and the quality of
receiving waters. Changes in precipitation patterns due to climate change and increased
urbanization are predicted to increase peak stormwater discharge during storm events, worsening
the environmental impacts of urban runoff (Hung et al. 2019).
In response to the detriments of stormwater runoff, green stormwater infrastructure (also
known as low impact development) has been developed to limit discharge and improve quality of
stormwater runoff. Green stormwater infrastructure seeks to store runoff from impervious
surfaces and filter pollutants using permeable substrates and vegetation. Examples of current
green stormwater infrastructure best practices include but are not limited to permeable pavement,
infiltration trenches, bioswales, green roofs, and bioretention cells (Hager et al. 2019).
Bioretention is among the most common types of green stormwater infrastructure; bioretention
systems utilize thick layers of permeable sand and soil media, plants, and inlet and outlet
infrastructure to infiltrate stormwater runoff (Davis et al. 2009). Research on bioretention cells
has shown that they are effective at addressing a suite of treatment objectives for stormwater
runoff. Bioretention cells across a range of studies have been effective at reducing stormwater
flow and exhibit high removal efficiencies for oil and grease, polycyclic aromatic hydrocarbons,
total suspended solids, and fecal coliform (Roy-Poirier et al. 2010). Removal of nitrogen and
phosphorus, however, is much more variable in the existing literature. Bioretention systems with
conventional compost and sand-based soil media have been shown to have higher effluent
phosphorus and nitrogen concentrations than untreated stormwater (Cording et al. 2018, Shrestha
et al. 2018b, Jay et al. 2019, Osman et al. 2019). Export of nitrogen and phosphorus from
bioretention cells is a major concern because excess loading of nutrients from anthropogenic
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sources contributes to eutrophication of surface waters and harmful cyanobacteria blooms
(Conley et al. 2009). A widespread paradigm has been established that phosphorus is the limiting
nutrient in freshwater ecosystems, but dual nutrient (N and P) reductions are thought to be
important along the freshwater-marine continuum (Elser et al. 2007, Paerl 2009). Therefore,
nitrogen should not be overlooked when managing pollutant loads from stormwater runoff using
greens stormwater infrastructure.
Modifications to bioretention design have been proposed and tested in an attempt to reduce
nutrient leaching from bioretention soil media. Compost in bioretention soil media is typically
the major source of nutrient leaching and it is recommended to use low phosphorus compost as
sparingly as possible in green stormwater infrastructure projects (Hurley et al. 2017).
Additionally, traditional bioretention soil media consists mostly of sand and gravel which have
low phosphorus sorption capacities (Ament et al. 2021) and these materials offer little capacity to
sequester any nutrients that leach from compost. To address nutrient leaching concerns, the 2017
Vermont Stormwater manual requires that bioretention soil media meet a specified criteria for
phosphorus. (VT Department of Environmental Conservation 2017). No specific
recommendations are made for nitrogen content in bioretention soil media in the state of
Vermont.
To combat the low P sorption capacity of bioretention soil media, adding amendments such
as steel slag, seashells, biochar, and water treatment residuals has been proposed (Marvin et al.
2020). Drinking water treatment residuals (DWTRs) have been widely proposed as a material
that could be used as a bioretention soil media amendment to improve their ability to remove
dissolved phosphorus from stormwater. DWTRs are a waste product from the drinking water
treatment process consisting of a chemical coagulant and any substances removed during the
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coagulation process. The chemical composition of DWTRs varies, but the major components are
Al or Fe hydrous (hydr)oxides depending on coagulant used, soil particulates, and organic matter
(Ippolito et al. 2011). Though less common, calcium-based coagulants are also used in the
wastewater treatment process (Shrestha et al. 2019). The most commonly used coagulants are
aluminum salts (Precious Sibiya et al. 2021). The chemical composition of the raw water that is
being treated will also affect the composition of DWTRs (Ippolito et al. 2011). Al, Fe, and Ca
(hydr)oxides are appealing materials in green stormwater infrastructure because they have high
phosphorus sorption capacities (Marvin et al. 2020). Relatively extensive research has been
conducted on DWTRs as a means for phosphorus sorption with promising results (Makris et al.
2004, Agyin-Birikorang et al. 2007, Babatunde et al. 2009, Liu and Davis 2014a, Shrestha et al.
2019, Ament et al. 2021).
While most efforts to increase phosphorus removal performance are based on increasing the
sorption capacity of the soil media, strategies aimed at improving nitrogen removal are largely
based on altering bioretention hydrology and facilitating biological removal. The immobilization
of nitrogen is far more difficult than phosphorus because most nitrogen species that exist in
stormwater are highly soluble or easily decomposed into soluble forms (Osman et al. 2019).
Instead, denitrification, the microbially mediated reduction of nitrate to nitrogen gas, and biotic
uptake are two of the most important methods of removing dissolved nitrogen from stormwater
(Gold et al. 2019). Incorporation of saturated zones with a carbon source to promote
denitrification is an emerging practice in bioretention design (Payne et al. 2014a). Design factors
for dissolved P and N removal can often be at odds with one another. P removal strategies often
rely on short residence times and aerobic conditions (Ament et al. 2021) while N removal
strategies typically require anaerobic zones (Roseen et al. 2013, Osman et al. 2019). Bioretention
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mesocosms with DWTR amended soil media show decreased rates of phosphate removal when a
saturated zone is included in the design due to the susceptibility of phosphorus desorption from
metal hydr(oxides) in anoxic environments (Palmer et al. 2013). Release of phosphorus from
DWTRs under anoxic conditions is of particular concern for DWTRs with a high Fe content as
the solubility of Fe is sensitive to changes in redox conditions (Marvin et al. 2020).
While phosphorus removal by DWTRs has been studied relatively extensively, there are
very few studies that explicitly investigate the effects of DWTR amendment on nitrogen cycling
in bioretention cells. DWTR amendment has the potential to affect nitrogen cycling through
several pathways. WTRs and phosphorus sorbing materials often have lower hydraulic
conductivity than sand and gravel (Marvin et al. 2020), so DWTR amendment could potentially
increase denitrification rates by creating longer retention times leading to the formation of anoxic
zones. DWTRs have a high organic matter content (Keeley et al. 2014) which could serve as a
carbon source for denitrifying bacteria. The high cation exchange capacity of DWTRs also offers
the potential for NH4+ removal via adsorption (Shrestha et al. 2019).
Conversely, DWTRs also have the potential to act as a source of nitrogen. Recycled
DWTRs have the potential to release NH4+ to the environment as chemicals and organic matter
that are weakly bound can desorb from DWTR surfaces in the presence of an ionic solution
(Wang et al. 2018, 2019a). Wang et al. 2019 found that the majority of NH4+ that would be prone
to desorption from DWTRs was removed after six rounds of laboratory desorption, this means
that NH4+ leaching from DWTR amended bioretention soil media would likely only be a
potential issue during the start-up phase and not a long-term detriment. Field studies of a Cabased DWTR amended bioretention mesocosms found that some DWTR amended treatments
leached less NH4+ than non-amended treatments. However, the Ca DWTR amended treatments
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leached up to 5 times more NO3-, and more research is required to understand the cause for this
discrepancy (Shrestha et al. 2019).
The objective of this study was to determine whether drinking water treatment residuals
have any significant impacts on nitrogen cycling in bioretention cells. Al-based DWTRs as a
bioretention soil media amendment were studied at the field and laboratory scales. At the
laboratory scale, DWTRs from three sources were evaluated: The Champlain Water District
(CWD) in Vermont, The University of New Hampshire water treatment plant (UNH), and the
Portsmouth (NH) Water Plant (PORT). Two laboratory experiments and a field experiment were
conducted. First, a continuous flow through experiment was used to assess whether drinking
water treatment residuals on their own can adsorb dissolved organic nitrogen in synthetic
stormwater. In the second laboratory experiment, large columns containing simulated
bioretention soil profiles were studied to isolate the effects of DWTR amendment on nitrate and
ammonium removal in a controlled laboratory setting. For the field experiment, roadside
bioretention cells amended with DWTRs from UNH and Control bioretention cells without
DWTRs were monitored over two summers. Influent and effluent concentrations of total
nitrogen, total dissolved nitrogen, nitrate, and ammonium as well as stormwater volumes were
measured to assess effects of DWTR amendment on nitrogen cycling in the field. This approach
allowed for the evaluation of DWTRs’ capacity to influence nitrogen cycling at three levels of
increasing complexity.

Materials and Methods
Continuous Flow-through Experiment
A 100g dry DWTR was packed into a small PVC column (5cmx20cm). Columns were prepared
with DWTRs from each source (CWD, PORT, UNH) in triplicate. Simulated stormwater
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containing either a KNO3 solution with a concentration of 0.5 mg N/L or a NH4Cl solution with
a concentration of 0.5 mg N/L was passed through the columns from the bottom up using a
peristaltic pump at a rate of 1.5 L / day for 7 days (Figure 1). Effluent samples were collected
daily and analyzed for concentrations of dissolved inorganic nitrogen, which includes
ammonium and nitrate, using a Lachat Quikchem flow injection analyzer and the methods
described in Table 1. The continuous flow-through experiment was conducted in a cold room to
suppress biological N transformations within the DWTRs. The laboratory portions of the
continuous flow-through experiment were conducted by Michael Ament, see Ament et al. (2021)
for more details.

Figure 1: Schematic representing the design of the continuous flow-through experiment.
The arrow indicates flow direction.
Large Column Experiment
Nitrogen data from the experiment conducted by Ament et al. (2021) was analyzed to
assess the potential of DWTRs to sequester or leach dissolved inorganic nitrogen. Polycarbonate
tubes 1.3 meters in length and 15 cm in diameter were filled with bioretention media (Figure 2).
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Compost was sourced from Earthlife Organic Compost (Johnston, RI) with a reported total P
content of 0.2% and a total N content of 1.2%. The Control columns contained a 30.5 cm inner
layer of pure sand while 10% of the volume of the sand layer in the treatment columns was
replaced by DWTR mixed evenly throughout the sand. 10 simulated storm events were
conducted by allowing 15 L of synthetic stormwater (0.5 mg L−1 NH4 -N, 0.5 mg L−1 NO3-N,
and 0.2 mg L−1 PO4-P in 0.01 M KCl, pH 7) to flow from the top of the column to the bottom
using Mariotte bottles to maintain static head. Storms events were simulated over a 12-day
period with one event per day for five consecutive days, a two-day break, and then another event
per day for five consecutive days. The two-day break in the middle of the experiment did not
allow adequate time for complete drying of the media. Effluent was collected and analyzed for
NO3-N and NH4 -N concentrations using a Lachat Flow injection analyzer according to the
methods in Table 1. The large column experiment was conducted in triplicate. See Ament et al.
(2021) for more detailed laboratory methods.

Figure 2: Media profiles used in the large column experiment. Figure adapted from Ament et al.
(2021).
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Field Experiment
Four roadside bioretention cells on the University of Vermont (Burlington, VT USA)
campus were monitored during this study. The bioretention cells were originally built in 2012
at the UVM Bioretention Laboratory (Cording et al. 2017, 2018, Shrestha et al. 2018a). For
this study they were retrofitted in spring of 2019, removing all media, gravel, and stone
above each cell’s liner. The gravel, stone, and media were replaced; the media profiles match
those of the large column experiment and new plants were added (Figure 3). Compost was
sourced from Earthlife Organic Compost (Johnston, RI) with a reported total P content of
0.2% and a total N content of 1.2%. Two cells had 10% by volume of the central sand layer
replaced with DWTRs from UNH and two cells served as experimental controls with a
central layer of pure sand. The bioretention cells also are divided into catchment area pairs;
each treatment has a cell receiving influent from a relatively large drainage area and a cell
receiving influent from a relatively small drainage area. In the small drainage area pair, the
small drainage area Control bioretention cell has a drainage area of 43 m2 the small drainage
area DWTR cell has a drainage area of 32 m2. In the large drainage area pair, the large
drainage area Control bioretention cell has a drainage area of 59 m2 the small drainage area
DWTR cell has a drainage area of 54 m2. Despite the differing drainage surface area sizes,
however, we did not always observe proportional drainage area volumes throughout the
study, in some cases due to runoff bypassing cell inflows.
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Figure 3: Schematic diagram of the bioretention field experiment setup. Graphic adapted
from Michael Ament. Weir photos are adapted from (Cording et al. 2017)

Each bioretention cell was planted with an identical variety of species upon retrofit: one
Asclepias tuberosa (Butterfly Milkweed), two Echinacea purpurea (Echinacea Sp.), one
Helenium autumnale (Sneezeweed ‘Sombrero’), three Iris versicolor (Harlequin Blueflag), and
two Symphyotrichum nova-angliae (New England Aster). Several of the plants did not survive
the first winter. In the small drainage area Control bioretenion cell, one Symphyotrichum novaangliae did not survive. In the small drainage area DWTR bioretention cell, one Helenium
autumnale, one Echinacea purpurea, one Asclepias tuberosa, and one Iris versicolori did not
survive. In the large drainage area Control bioretention cell, two Echinacea purpurea, one
Asclepias tuberosa, and two Iris versicolor did not survive. All plants in the large drainage area
DWTR cell survived. Deceased plants were replaced, and due to low success of establishment
Helenium autumnale in all cells were replaced with Zizea aurea (Golden Alexander) in June of
2020. Plant arrangement in 2020 can be seen in Figure 4.
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The inflows and outflows of the bioretention cells were monitored for flow volumes and
nitrogen concentrations during the summer and fall seasons in 2019 and 2020. The cells were
weeded every other week during the monitoring periods and aboveground plant biomass was cut
to approximately 10 cm at the end of each growing season. In 2020 aboveground biomass
samples were collected after cutting, air dried at 60C for 24 hours, and weighed.

12

Figure 4: Images of the four field bioretention cells labelled by treatment. Images were
taken September 1, 2020 by Carl Betz
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During storm events, measurements of water flow and water samples were taken from a
V-notch weir at the inflow and a Thel-Mar weir within a sump at the outflow of each
bioretention cell using Teledyne ISCO 6712 autosamplers connected to ISCO 720 submerged
flow sensors (Figure 3). Ahead of each anticipated rain event, the autosamplers were
programmed based on forecasted rainfall to periodically grab water samples at specified flow
intervals. The flow intervals were chosen for each storm based on a linear regression of
precipitation depth and inflow and outflow volumes of each cell to ensure that samples were
collected during the entire duration of each precipitation event.
Total inflow volumes for each cell were calculated using the equation for flow through a
90° V-Notch Weir (Dunne and Leopold 1978):
Liters/second = 1380 (stage height meters)2.5
Total outflow volumes were calculated based on stage height to flow rate conversion charts for
the Thel-Mar weirs installed in the outflow sump of each bioretention cell; conversion charts
were provided by Thel-Mar, LLC.
Laboratory Nitrogen Analysis
Water samples were analyzed for N concentrations using standard methods from (APHA
et al. 2005). Samples were analyzed colorimetrically using a Lachat QuickChem Flow injection
analyzer. Water samples were analyzed for total nitrogen (TN), total dissolved nitrogen (TDN),
ammonium (NH4+), combined nitrate and nitrite (NO3-), where nitrite was assumed negligible
due to its very low abundance in stormwater (Li and Davis 2014), dissolved organic nitrogen
(DON), and particulate nitrogen (PN) according to the methods described in table 1.
Concentrations are measured in mg N L-1.
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Table 1: Methods used for determination of nitrogen concentrations.
N Species

Description

TN

Alkaline Persulfate Digestion Followed by
Automated Cadmium Reduction

TDN

Alkaline Persulfate Digestion Followed by
Automated Cadmium Reduction, Samples passed

Standard Method
Standard Method
4500-N C
Standard Method
4500-N C

through 45μm filter
NH4+

Colorimetric Analysis of NH4+ following heating of

QuikChem Method

sample with sodium salycilate and sodium

12-107-06-2-A

hypochlorite in phosphate buffer
NO3-

Automated Cadmium Reduction

Standard Method
4500-NO3 F

PN

PN=TN-TDN

N/A

DON

DON=TDN-( NH4+ + NO3-)

N/A

Load Calculations and Statistical Analysis
In the large column experiment a one-way ANOVA test was conducted to compare
differences in cumulative N removals between treatments over the course of all ten simulated
storm events.
For the field experiment, nitrogen mass loads (M) entering and exiting the cells were
calculated for each storm using the concentrations of each sample bottle collected (C) and
incremental flow volume associated with each bottle (Vi) using the following equation:
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𝐸𝑞𝑛 1: 𝑀 = ∑ 𝐶𝑉𝑖

Event mean concentrations (EMC) were calculated for the inflow and outflow of each cell for
each storm event using total even mass loads (M) and total volumes (Vtot) .
𝐸𝑞𝑛 2: 𝐸𝑀𝐶 =

𝑀
𝑉𝑡𝑜𝑡

Nitrogen concentration removal efficiencies were calculated using the following equation:
𝐸𝑞𝑛 3: 𝑅𝐸(%) =

𝐸𝑀𝐶𝑖𝑛 − 𝐸𝑀𝐶𝑜𝑢𝑡
∗ 100
𝐸𝑀𝐶𝑖𝑛

Nitrogen mass removal efficiencies were calculated using the following equation:
𝐸𝑞𝑛 4: 𝑅𝐸(%) =

𝑀𝑖𝑛 − 𝑀𝑜𝑢𝑡
∗ 100
𝑀𝑖𝑛

Differences in inflow and outflow concentrations were evaluated using storm events as
replicates with a paired Wilcoxon ranked sum test. The paired Wilcoxon ranked sum test is a
non-parametric version of the paired t-test that was used because the data in this experiment
differed significantly from normality.
Statistics were not used to compare N removals between treatments. Differences in drainage
areas, inflow volumes, and sun exposure meant that the four treatments evaluated in the study
were not true replicates rendering a statistical comparison between treatments inappropriate.
Load reductions in this study were attributed to two different mechanisms: removal via
concentration reductions through interaction with the bioretention media, and load reductions via
volume reductions. The load reduced via each mechanism was estimated for individual storm
events using the following equations:
𝐸𝑞𝑛 5: 𝐿𝑅𝑐𝑜𝑛𝑐 = (𝐸𝑀𝐶𝑖𝑛 − 𝐸𝑀𝐶𝑜𝑢𝑡 ) ∗ 𝑉𝑖𝑛
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𝐸𝑞𝑛 6: 𝐿𝑅𝑣𝑜𝑙 = (𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡 ) ∗ 𝐸𝑀𝐶𝑜𝑢𝑡
Calculations estimating the load reductions attributable to each mechanism were based on
the methods used in (Liu and Davis 2014b). This approach relies on the assumption that during
each storm event changes in stormwater concentrations as it filters through the media occur first
and that the water left in the cell at the end of the storm has the same average concentration as
the effluent.

Results and Discussion
Continuous Flow-through Experiment
All DWTR sources evaluated acted as sources of dissolved inorganic nitrogen in the continuous
flow-through experiment. The degree of negative N removal varied between DWTR sources and
N species with cumulative N export over the seven days of the experiment ranging from -19.03
to -41.27 mg NH4 -N/kg dry DWTR and -28.71 to -165.95 mg NO3-N/kg dry DWTR (Table 2).
The DWTR from the UNH water treatment plant was selected for use in the field experiment
because it had the lowest phosphorus sorption capacity of the DWTRs tested in Ament et al.,
2021 and would provide conservative results for phosphorus sorption. In terms of nitrogen,
however, the UNH DWTR leached the least NH4+ and leached an intermediate level of NO3among the three DWTR sources tested.
The majority of NH4+ and NO3- leaching from DWTRs happened during the first 48
hours of the flow-through experiment. This result is consistent with the findings of (Wang et al.
2019a) where the majority of ion-exchangeable NH4+ and NO3- was desorbed after two rounds
of desorption in a solution of 0.010M KCl at pH 7.5. The results of the flow-through experiment
suggest that release of dissolved inorganic nitrogen from DWTRs is not likely to be an issue for
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long beyond the initial installation of a bioretention system in the field. After the initial
desorption in the first 48 hours of the experiment the differences between influent and effluent
concentrations of NH4+ and NO3- were negligible, suggesting that in the long term DWTRs have
little influence on dissolved inorganic nitrogen through physicochemical processes. The pH and
ionic strength of the simulated stormwater in the flow-through solution were held constant
during the experiment, so it is unclear how changes in stormwater composition might affect
long-term desorption of N from drinking water treatment residuals if it exhibits equilibrium
characteristics.

Table 2: N removal during continuous flow of simulated storm water through DWTR samples.
Negative removals indicate N leaching from the DWTR. The UNH DWTR was used in the field
experiment and is highlighted in Yellow.
DWTR
N Species
Source
Day 1
Day 2
NH4
-37.01
CWD
NO3
-159.19
NH4
-14.13
UNH
NO3
-60.80
NH4
-34.78
Port
NO3
-25.81

Day 3
-2.46
-7.35
-4.03
-6.32
-0.83
-2.60

N Removal (mg N/kg dry DWTR)
Day 4
Day 5
-0.82
-0.74
-0.29
0.34
-1.55
-0.74
-1.84
-0.67
-0.62
-0.50
-1.10
-0.16

Day 6
-0.48
0.09
0.37
0.50
-0.12
0.34

Day 7
-0.13
0.14
0.45
0.42
0.04
0.43

0.36
0.31
0.60
0.39
-0.08
0.17

Cumulative
-41.27
-165.95
-19.03
-68.31
-36.89
-28.71

Large Column Experiment:
All the large columns including the column with Control media acted as slight sinks for NH4+
over 10 simulated storm events (Figure 5). The DWTR amended columns removed slightly less
NH4+ than the Control media in the first few storm events. However, there was no significant
difference in cumulative NH4+ removal across all storm events between any of the treatments
(p>>0.05 using a single factor ANOVA). This further suggests that NH4+ is rapidly desorbed
from DWTRs and that NH4+ leaching from the bulk material is not likely to be an issue in the
long term.
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Figure 5: Effluent Ammonium concentrations from columns containing bioretention soil
media across 10 simulated storm events. Error bars represent standard deviation (n=3)
and the black horizontal line represents the influent concentration.

In the large column experiment the Control columns had very little effect on nitrate
concentrations in the synthetic stormwater (Figure 6). Over the 10-storm period the Control
media removed -7.35±14.1 mg N. The negative mean mass load removal exhibited by the
Control column is likely due to leaching from compost (Hurley et al. 2017), though the NO3export was low and variable with one replicate of the Control column acting as a slight sink for
NO3-. All three DWTR amended columns acted as slight sources of NO3- over the 10-storm
period, with 10-storm mass load removals higher than the Control column. However, there were
no statistically significant differences in cumulative mass load removals between treatments
using a single factor ANOVA.
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Figure 6: Effluent Nitrate concentrations from columns containing bioretention soil
media across 10 simulated storm events. Error bars represent standard deviation (n=3)
and the black horizontal line represents inflow concentration.

The results of the large column experiment suggest that Al-based DWTRs have little to
no effect on chemical removal of dissolved inorganic nitrogen from stormwater. Furthermore,
there were no significant differences in NH4+ and NO3- removal between controls and columns
containing DWTRs. The potential for any biological reactions to influence nitrogen dynamics in
the large column experiment was small. The large columns did not contain plants and the brief
study period gave inadequate time and conditions for the development of microbial activity
sufficient for any notable biological transformation and removal of nitrogen as microbial
communities need seeding of microbial populations, carbon sources, exposure to dissolved N,
and time to fully establish (Samocha 2019). Additionally, while DWTRs themselves have lower
hydraulic conductivity than sand the DWTR amendment had no significant effect on the
hydraulic conductivity of bioretention soil media in the large columns when mixed evenly
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throughout the central sand layer (Ament et al. 2021). Even if a longer-term test were to be
conducted where adequate time for microbial communities to establish were given, DWTR
amendments in a mixed layer design likely would not affect rates of denitrification due to
hydraulic effects.
Field Experiment
Event Mean Concentrations
Over the two-year monitoring period, average Event Mean Concentration removal
efficiencies of TN were negative for all bioretention cells except the small drainage area DWTR,
which had a slight positive average TN removal efficiency of 1.7% (Table 3). The low removal
efficiencies of TN exhibited by all cells was driven by export of one or more dissolved N species
from the media. PN was the only N species with consistent and statistically significant
concentration reductions over the two-year period (Table 3). The removal efficiencies of PN did
notably decrease for all cells in the second year of the field experiment, with average removal
efficiencies ranging from 81.6- 99.7% in 2019 and 48.6- 69.0% in 2020. The decrease in PN
removal efficiency in the second year of the experiment may be driven by an influx of saline
waters during the winter season. De-icer application can lead to an increase in effluent total
suspended solid concentrations due to solvating effects of saline waters in soil (McManus and
Davis 2020). Road salt and deicers are applied heavily to the bioretention catchments during
winter storms, and future research should investigate this possible relationship to PN removal.
The DWTR amended cells removed slightly more PN than the Control bioretention cells in each
drainage area pair over the two-year period (Table 3), though the differences were relatively
minor and it is difficult to discern whether DWTR treatment could be the variable responsible for
those discrepancies.
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Table 3: Inflow and outflow event mean N concentrations. Significant changes from inflow and
outflow concentrations are highlighted in red. (Determined by paired Wilcoxon ranked sum test)
Cell

Small
Watershed
Control

Small
Watershed
DWTR

Large
Watershed
Control

Large
Watershed
DWTR

Overall
Mean
Mean
Mean
N
EMC In EMC Out Removal
Species
(mg N/L) (mg N/L) Efficienc
y (%)
NH4
0.08
0.03 -2.67911
NO3
0.26
0.39 -76.432
DON
0.17
0.18 -92.1964
PN
0.23
0.02 62.38732
TN
0.74
0.63 -16.2481
NH4
0.10
0.04 13.28629
NO3
0.17
0.43 -120.96
DON
0.15
0.13 -37.3729
PN
0.27
0.05 68.8041
TN
0.68
0.65 1.654809
NH4
0.11
0.03 34.41169
NO3
0.17
0.65 -295.836
DON
0.12
0.19 -147.896
PN
0.18
0.04 63.47094
TN
0.58
0.91 -56.3134
NH4
0.07
0.09 -188.476
NO3
0.17
0.23 -96.3425
DON
0.14
0.10 -17.1417
PN
0.14
0.02 76.10897
TN
0.51
0.45 -17.337

P
Value

0.288
0.812
0.785
0.001
0.633
0.229
0.562
0.517
0.001
0.168
0.013
0.004
0.157
0.000
0.785
0.191
0.658
0.111
0.000
0.338

2019
2020
Mean
Mean
Mean
P Value
Mean
Mean
Mean
P Value
EMC In EMC Out Removal
EMC In EMC Out Removal
(mg N/L) (mg N/L) Efficienc
(mg N/L) (mg N/L) Efficienc
y (%)
y (%)
0.641
0.542
0.08
0.03 -28.7289
0.08
0.03 13.35156
0.641
0.636
0.17
0.17 -0.84166
0.31
0.53 -122.949
0.547
0.839
0.14
0.18 -186.185
0.18
0.19 -34.357
0.022
0.029
0.46
0.00 84.82208
0.09
0.03 48.58131
0.461
0.946
0.85
0.38 -6.17329
0.68
0.78 -22.448
0.742
0.273
0.08
0.03
12.647
0.11
0.04 13.6797
0.742
0.497
0.12
0.14 -32.9209
0.20
0.60 -175.138
0.641
0.636
0.10
0.10 -106.981
0.17
0.16 5.462611
0.008
0.038
0.35
0.00 99.71012
0.22
0.08 49.78501
0.008
1.000
0.65
0.26 49.09071
0.71
0.88 -27.5365
0.313
0.033
0.08
0.03 25.21075
0.12
0.03 40.07381
0.383
0.006
0.11
0.14 -56.026
0.20
0.97 -443.412
0.016
0.588
0.08
0.14 -113.897
0.15
0.22 -170.562
0.008
0.005
0.15
0.03 81.64924
0.20
0.05 52.28429
0.148
0.244
0.42
0.33 17.86817
0.67
1.27 -101.964
0.742
0.244
0.07
0.21 -532.663
0.07
0.03 23.33206
0.250
0.787
0.14
0.23
-161.1
0.18
0.23 -56.4918
0.641
0.017
0.08
0.08 -84.6859
0.17
0.11 24.42389
0.016
0.007
0.13
0.01 89.30791
0.15
0.03 69.00184
0.641
0.191
0.41
0.53 -74.6253
0.57
0.40 17.91729

While all four bioretention cells consistently exhibited positive EMC removal efficiencies
of PN, removal of dissolved species was much less favorable. Average NO3- removal efficiencies
were negative for all cells over the two-year monitoring period (Table 3) though the removal
efficiencies were variable. There was not a consistent difference between DWTR amended and
Control cells. For the cells with the small drainage area, the DWTR amended cell had a lower
average NO3- removal efficiency than the Control bioretention cell (-120.96% and -92.2%,
respectively). For the cells with large drainage areas the opposite was true with the Control
bioretention cell showing lower average removal efficiency than the DWTR amended cell (295.8% and -96.3425%, respectively); the large drainage area Control was the only bioretention
cell to have a statistically significant change between influent and effluent concentrations
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(p=0.004). The large drainage area Control bioretention cell was also the only cell with
statistically significant reduction in NH4+ concentrations. More effective transformation of NH4+
to NO3- via nitrification could have contributed to the high level of NO3- export in this treatment.
None of the cells exhibited the capacity for meaningful removal of NO3--N through
denitrification. Oven dried DWTRs have been found to contain denitrifying bacteria (Wang et al.
2021a), but in this study the bioretention design used does not lend itself to the promotion of
denitrification. There is a small water storage zone ranging from 12-15cm deep among the four
bioretention cells where water can pool below the underdrain pipe, but this has insufficient depth
to be considered a true water saturated zone and lacks significant sources of organic carbon to
fuel microbial metabolisms (Li et al. 2019). Thus, denitrification is likely minimal in the
bioretention cells. Denitrification is unlikely to be affected by DWTR amendment in this
bioretention design because the hydraulic conductivity of the mixed layer of DWTRs and sand is
negligibly different from pure sand (Ament et al. 2021). Retention times are not impacted by
DWTR amendment in this case, so denitrification increases due to longer retention times were
not seen. NO3- comprised the largest fraction of dissolved species in influent mass loads so
neither the Control nor the DWTR designs are suitable for bioretention systems aimed at NO3removal.
Another factor that hinders the potential for bioretention cells to sequester nitrogen in our
study area is low influent nitrogen concentrations. Average TN concentrations were below 1 mg
N L-1. This is much lower than concentrations found in stormwater in cities in China (Li et al.
2019), Melbourne Australia (Taylor et al. 2005), and a compilation of green stormwater
infrastructure projects (Payne et al. 2014a) where TN concentrations ranged from 2-12 mg N L-1.
Denitrification rates decrease with lower influent nitrate concentrations (Payne et al. 2014b), so
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the potential for rapid rates of denitrification in our field experiment was low to begin with. It is
important to note that the importance of denitrification in bioretention is variable and debated. A
tracer study found that denitrification only accounted for a very small portion of overall NO3removal, with assimilation into plants and microbes acting as a much more important removal
mechanism (Payne et al. 2014b). Other studies have found denitrification to be a larger
contributor to NO3- removal in bioretention with a saturated zone (Li et al. 2019, Wang et al.
2021b).
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Figure 7: Influent and Effluent event mean N concentrations from roadside bioretention
cells over the 2019 and 2020 sampling seasons. Stars indicate a statistically significant
difference between inflow and outflow EMCs (p<0.05). Note that y axis scales differ
between N Species.

Concentrations of NH4+ were generally lower in the effluents than in the influent
stormwater across all four bioretention treatments (Figure 7). The average removal efficiencies
of NH4+ varied greatly, from -188.5% in the large drainage area DWTR cell to 34.4% in the large
drainage area Control bioretention cell. The average removal efficiencies for NH4+ were easily
skewed by outlier points due to very low influent concentrations. The large drainage area
DWTR-amended cell was the only cell to have a higher average effluent NH4+ than influent
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NH4+ concentration. This was largely driven by one storm with high precipitation in 2019 with
an unusually high effluent concentration and was an anomalous event during the monitoring
period not related to DWTR treatment. In 2020 the same bioretention cell exhibited a positive
average removal efficiency and performed similarly to the other treatments (Table 3). The
similar performance across all cells with lower concentrations of NH4+ in the effluent is due to
the capacity of the bioretention media to chemically retain NH4+ as seen in the large column
experiment in conjunction with microbially-mediated nitrification (Wang et al. 2021b).
Another mechanism for NH4+ removal is anaerobic ammonium oxidation (ANAMMOX),
though this process is likely insignificant in the bioretention cells studied, due to a lack of
saturated anaerobic conditions. However, in green stormwater infrastructure that does contain
anoxic zones there is evidence that DWTR amendment could influence the ANAMMOX
process. Adding DWTRs to lake sediments has been shown to increase abundance and activities
of ANAMMOX bacteria (Wang et al. 2013). Anammox is an attractive process to utilize in GSI
because it doesn’t produce the greenhouse gas N2O (Wang et al. 2019b).
Average removal efficiencies of DIN were higher for both DWTR amended cells than the
Control bioretention cells, though average removal efficiencies over both seasons of monitoring
were negative for all bioretention cells; in other words, all treatments released DON over the 2year study period, though the DWTR cells did less so (Table 3). The only statistically significant
increase between inflow and outflow concentrations of DON was observed in the large drainage
area Control bioretention cell in the 2019 season. The negative EMC removals observed,
particularly in the 2019 season, can likely be attributed to DON leaching from compost or
decomposing organic particulates trapped in the bioretention media. In the 2020 season,
however, the small and large drainage area DWTR cells both exhibited positive DON removal

26
efficiencies of 5.46% and 24.42389%, respectively while the small and large drainage area
Control bioretention cells had DON removal efficiencies of -34.35% and -170.56%, respectively
(Table 3). It is uncertain whether the trend of improvement in DON removal efficiencies among
the DWTR treatments will continue in future years.
It is difficult to definitively say whether this difference is attributable to DWTR
amendment. The continuous flow-through experiment and the large column experiment only
investigated the ability of DWTRs and DWTR amended media to remove dissolved inorganic
nitrogen so differences in the ability of Control and DWTR amended media used in this study to
chemically retain DON through mechanisms such as electrostatic interactions and adsorption is
unknown. Some nitrogenous organic molecules found in stormwater have been shown to adsorb
to activated carbon (Mohtadi et al. 2016, 2021). Mohtadi et al. (2016) also investigated DWTRs
as a potential DON adsorbant, however due to N leaching from the material in their isotherm
experiment led to an inability to quantify any DON adsorption. In our continuous flow-through
experiment N leaching from DWTRs was only a short-term phenomenon, so it may be possible
for DWTRs to adsorb DON in the long run, though further research is required to verify this.
Beyond hypothesizing, however, it is difficult to make robust claims about the effects of DWTR
amendment of DON removal in the field due to the lack of statistically significant removals and
a laboratory baseline in our study.
Of the four bioretention cells, the large drainage area DWTR cell was the only cell that
showed an improvement in EMC (Table 3) and Load (Table 5) reductions from 2019 to 2020.
This bioretention cell was also the only one to exhibit a positive mean TN EMC removal
efficiency (Table 3). This is likely attributable to the higher aboveground biomass of the
vegetation in this bioretention cell. The large DWTR cell was in a shadier location than the other
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cells making it less exposed to droughty conditions in 2019, and after one year of operation had
much less winter plant mortality than the other cells. The plants in the large drainage area
DWTR cell looked much healthier (Figure 4) and had more than double the aboveground
biomass of the other cells by the end of the 2020 sampling season (Table 4).
Plant size has been shown to be negatively correlated to effluent total dissolved nitrogen
concentrations in column experiments (Read et al. 2008). In 2020, the large drainage area
DWTR cell had the highest average removal efficiencies of NO3- and DON. It also had much
higher aboveground biomass than the other bioretention cells. The average NO3- removal
efficiency for the large drainage area DWTR cell was still negative in 2020, but notably higher
than the other treatments (Table 3). The much more vibrant plant community in this treatment
likely offset some of the NO3- leaching from the media, aligning with the body of research
suggesting that plant removal is an important N-Removal mechanism. Plants can aid nitrogen
removal through direct uptake of NO3- and their root systems provide favorable conditions for
nitrifying microbes (Luo et al. 2020). Establishment of vibrant plants in bioretention is very
important in aiding the removal of dissolved N species, and as plants in the bioretention cells
from our study mature N dynamics may change.
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Table 4: Aboveground biomass present in the cells during late fall of 2020. Samples were
collected on November 6th, 2020 and oven dried at 60°C overnight.
Treatment
Small Drainage Area
Control
Small Drainage Area
DWTR
Large Drainage Area
Control
Large Drainage Area
DWTR

Aboveground Biomass
(g)
261.1
225.9
197.2
761.3

Load Reductions
Over the two-year monitoring period, cumulative mass load reductions of all N species
across all cells were positive with the exception of mass export of NO3--N from the large
drainage area Control bioretention cell (table 5). Mass reductions of TN were very similar among
three of the four bioretention cells; both small drainage area cells and the large drainage area
DWTR cell had average removal efficiencies between 60.53% and 66.59%. The large drainage
area Control bioretention cell exhibited much lower cumulative TN removal with an average
removal efficiency of 5.18%. This was driven by export of NO3- and poor DON removal.
Ammonium removal was generally high, though the large drainage area DWTR cell had a mass
load removal efficiency of 44.80% which was over 25% lower than the other treatments. The
large drainage area DWTR cell’s lower mass removal of NH4+ -N was due to mass export in an
anomalous storm event in 2019; in 2020 NH4+ -N removal efficiency was comparable to the
other treatments. Particulate nitrogen mass load removal efficiencies were high and consistent
across all cells, ranging from 82.67% in the large drainage area Control bioretention cell to
96.55% in the small drainage area Control bioretention cell. In some cases, removal efficiencies
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may be artificially low as there is likely influent mass not reported because this research only
measured storms that produced both inflow and outflow. The lack of data for storm events that
did not produce outflow means that the load data from this experiment only represents the
cumulative totals of individual storms monitored and is not a true mass balance over the entire
monitoring periods.
While the data collected does not allow for a complete mass balance of N entering and
exiting the bioretention cells, the load data does provide some insight into the potential
importance of plant uptake as a N removal mechanism. Assuming 1% TN content in
aboveground biomass, a conservative estimate based on the findings of Tang et al. (2018),
estimated accumulation of N in aboveground plant tissues in the bioretention cells ranges from
2.6g N to 7.6g N in 2020. For the large watershed DWTR bioretention cell, the estimated N
uptake in aboveground plant tissues of 7.6g exceeds the TN load during monitored storm events
in 2020 (Table 5). Estimated plant uptake of N is sizable compared to the TN loads entering the
bioretention cells in this study. The upper sand and compost media layer of the bioretention cells
contains approximately 1.1 kg TN as approximately 90 kg compost with a TN content of 1.2%
was incorporated. This reservoir of TN far exceeds that of incoming stormwater. While some
compost may be required to support plant life in bioretention, reducing the amount of compost in
the media may lead to more effective removal of N from stormwater by limiting alternative
sources of N for plant uptake.
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Table 5: Cumulative Inflow and outflow nitrogen mass loads from roadside bioretention cells for
21 storm events monitored in 2019 and 2020.
Cell

Small
Watershed
Control

Small
Watershed
DWTR

Large
Watershed
Control

Large
Watershed
DWTR

N
Overall
2019
2020
Species Cumulative Cumulative
Removal Cumulative Cumulative Removal Cumulative Cumulative Removal
Load In (mg Load Out
Efficiency Load In (mg Load Out Efficienc Load In (mg Load Out Efficienc
N)
(mg)
(%)
N)
(mg)
y (%)
N)
(mg)
y (%)
NH4
596.53
134.70
77.42
225.45
34.41
84.74
371.08
100.29
72.97
NO3
2252.92
1764.69
21.67
586.52
243.43
58.50
1666.40
1521.26
8.71
DON
1253.36
545.21
56.50
575.53
150.08
73.92
677.83
395.13
41.71
PN
2485.71
85.85
96.55
1671.75
4.76
99.72
813.96
81.09
90.04
TN
6588.52
2530.44
61.59
3059.25
432.67
85.86
3529.27
2097.77
40.56
NH4
782.54
166.42
78.73
270.81
44.65
83.51
511.73
121.77
76.20
NO3
1755.06
1621.45
7.61
452.31
281.99
37.66
1302.75
1339.46
-2.82
DON
1316.04
663.21
49.61
462.01
172.07
62.76
854.02
491.13
42.49
PN
3105.59
232.72
92.51
1551.79
4.83
99.69
1553.79
227.90
85.33
TN
6959.23
2683.80
61.44
2736.93
503.55
81.60
4222.30
2180.26
48.36
NH4
1165.39
312.79
73.16
386.60
112.28
70.96
778.79
200.51
74.25
NO3
2184.76
4717.21
-115.91
601.64
568.76
5.46
1583.12
4148.44 -162.04
DON
1635.39
1618.01
1.06
576.32
500.70
13.12
1059.07
1117.31
-5.50
PN
2478.65
429.43
82.67
845.11
139.98
83.44
1633.55
289.46
82.28
TN
7464.20
7077.43
5.18
2409.67
1321.72
45.15
5054.52
5755.71
-13.87
NH4
671.14
370.45
44.80
260.53
275.52
-5.75
410.61
94.93
76.88
NO3
1596.24
1147.60
28.11
546.33
515.53
5.64
1049.91
632.07
39.80
DON
1396.75
466.83
66.58
374.18
158.40
57.67
1022.57
308.44
69.84
PN
1537.29
68.04
95.57
530.50
3.03
99.43
1006.79
65.01
93.54
TN
5201.42
2052.92
60.53
1711.54
952.47
44.35
3489.88
1100.45
68.47

Load Reduction Mechanisms
Pollutant Mass load reductions in bioretention cells can be driven by two general
mechanisms: changes in pollutant concentration as stormwater travels through the media or as
pollutants are taken up by plants, and reductions in stormwater volume leaving the bioretention
cells (Liu and Davis 2014b). In the field study, the majority of TN load reduction occurred
through volume reductions for all cells (Figure 8). Investigating load reduction mechanisms for
each N species tells a more nuanced story of what is occurring in the bioretention cells.
Particulate nitrogen load reductions were overwhelmingly driven by reduction in PN
concentration as stormwater travels through the bioretention media. Effluent concentrations of
PN were very low (Figure 7) so very little of the PN reduction occurred via volume reduction.
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Figure 8: Cumulative Load reduction mechanisms in roadside bioretention cells over the
2019 and 2020 field seasons. Load reductions due to concentration reduction are shown
in red and load reductions due to volume reduction are shown in blue. Negative
reductions due to concentration reduction indicate N leached from the bioretention soil
media.

The mechanisms of dissolved nitrogen removal varied. Removal mechanisms of NH4+
varied between cells. For both small drainage area cells and the large catchment Control
bioretention cell, concentration reductions played a large role in NH4+ load reduction (Figure 8).
The large drainage area DWTR cell had negative concentration reductions of NH4+ such that the
positive load reduction observed in this cell is attributable entirely to volume reductions. The net
load reductions of NO3- seen were driven entirely by volume reductions; concentration
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reductions via interaction with the media were highly negative for all cells. Nitrification of
influent NH4+ does not solely explain the NO3- export from the media as NO3- exported due to
negative load removals via concentration reduction far exceeded all NH4+ mass removed through
interactions with the media. Breakdown of particulate nitrogen trapped in the media both in
compost and particulates filtered from stormwater could be a major contributor to NO3- export,
particularly in the three cells that saw decreases in NO3- EMC removal efficiencies from 2019 to
2020 (Table 3). PN was reduced largely via concentration reductions (Figure 8) and PN that
accumulates in bioretention media eventually decomposes into dissolved inorganic nitrogen
(Davis et al. 2006). Other NO3- sources in the media could be from compost leaching or the
decomposition of plant roots that did not survive the first winter. DON load removal was also
dominated by stormwater volume reductions across all treatments.
While the bioretention cells in this study were designed with phosphorus removal as the
primary design objective, the fact that NO3- and DON load reductions occurred primarily via
volume reductions is undesirable. The bioretention cells were lined with an impermeable liner
which means that reduction in stormwater volumes only occurs via retention of stormwater in the
media and evapotranspiration. In this experiment, load reductions via volume reduction is not a
permanent removal mechanism because all N load reduced by reduction in volume remains
inside the impermeable liner and could be mobilized again in future storm events. Li et al. (2019)
found that accumulation of NO3- in bioretention media over time is minimal due to its high
solubility and tendency to washout. NO3- and DON that is retained during a storm through
volume reductions is contained temporarily within the media but remains vulnerable to
displacement by subsequent storms. The results of our field and large column experiments
support this finding, and DWTR amendment does not appear to add any capacity for bioretention
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media to sequester NO3- through chemical sorption. In fact, as the low-P compost continues to
wash through, there may be continued NO3- leaching unless plant growth or buildup of
microbial communities offsets it. It is possible that the poor NO3- removal performance of these
very young cells could be offset by biological processes over time. A well-established
bioretention cell exhibited much higher NO3- removal efficiencies during a second monitoring
period 16 years after the initial construction and monitoring (Johnson and Hunt 2019). This was
attributed to either maturation of plants and improved plant uptake and/or increases in
denitrification fueled by buildup of organic carbon in the media. A long-term study investigating
the effects of DWTRs on plant and microbial communities in bioretention could be valuable to
uncover trends that were not possible to observe within the timeframe of our study.
Integrating laboratory and field results
The results of the continuous flow-through and large column experiments complement
and support what was observed at the field scale. The continuous flow-through experiment
provided a very isolated look at how DWTRs themselves impact NH4+ and NO3- concentrations
in stormwater via chemical mechanisms; the experiment was performed in a cold room to
suppress biological mechanisms. In the continuous flow-through experiment, DWTRs from three
sources leached NH4+ and NO3- in contact with simulated stormwater. DWTRs as a material did
not show any capacity to sequester NH4+ and NO3- via chemical interactions; they acted as a
source.
The large column experiment increased the complexity of the studied matrix and
introduced an experimental Control. The large column experiment simulated the media profile in
our field experiment while limiting the complexity by removing field variables such as inflow
concentrations and volumes, dry periods, and the presence of vegetation. In this setting that
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offered an isolated look at DWTR amendment in bioretention media, there were no significant
differences in cumulative N removals between the control columns and columns amended with
three DWTR sources. While DWTRs themselves acted as a source of dissolved inorganic
nitrogen in the flow-through experiment, this effect was diminished to the point of being
negligible when DWTRs were only a minor constituent in the bioretention media tested in the
large column study.
The large column results support what was seen in the field, there were no clear differences
in dissolved inorganic nitrogen removal between DWTR amended and Control bioretention cells.
While there were notable differences in dissolved inorganic nitrogen removal performance
among bioretention cells, it is either not clearly linked to DWTR amendment or more easily
explained by other variables such as plant biomass or inflow volumes. Two additional nitrogen
species not investigated in the laboratory experiments, PN and DON were monitored in the field
study. PN removal is dominated by mechanical filtration and removal efficiencies were uniform
among all treatments (Table 5). DON was the only N species where the DWTR amended
treatments showed consistently higher concentration reductions than the controls (Table 5). DON
removal was not examined in the laboratory experiments, and a lack of statistically significant
differences between inflow and outflow concentrations make it impossible to definitively
attribute those differences to DWTR amendment.

Design recommendations:
The bioretention cells monitored were designed with the objective of phosphorus removal.
The cells prioritized media with high hydraulic conductivity and low residence times to
minimize the risk of prolonged saturation leading to leaching of phosphorus from the media
(Hurley et al. 2017) or desorption of phosphorus from iron in drinking water treatment residuals

35
in the DWTR treatments (Shrestha et al. 2019). My work highlights that bioretention cell design
targeting the removal of a single nutrient came at the cost off effective reductions of dissolved N
species from stormwater. Neither the control media nor DWTR media exhibited any potential for
removal of dissolved inorganic nitrogen though chemical mechanisms. In the field experiment,
biologically mediated processes dominated the observed N transformations. In the large drainage
area DWTR treatment the more vibrant plant community offset some of the N leaching from the
media. There was also evidence of nitrification in the cells; removal efficiencies of NH4+ in 2020
were positive for all cells (Table 3). A lack of denitrification, however, meant that there was not
a means to remove N from nitrified NH4+.
Nitrogen can be a large contributor to eutrophication and harmful cyanobacterial blooms
(Camargo and Alonso 2006) and with this in mind we recommend that people constructing new
bioretention systems with the objective of nutrient removal incorporate design elements
specifically targeted at the removal of dissolved nitrogen from stormwater. Facilitating the
growth of healthy plants is important for N removal while limiting compost application to
minimize the risk of nutrient leaching (Hurley et al. 2017, Taguchi et al. 2020, Shrestha et al.
2020). Providing adequate conditions for denitrification is also critical for complete removal of
dissolved inorganic nitrogen from stormwater. The current best practice for nitrate removal in
bioretention is the inclusion of a water saturated zone with a carbon source to fuel microbial
metabolisms (Palmer et al. 2013, Roseen et al. 2013, Li et al. 2019). Additionally, green
stormwater infrastructure types with more emphasis on water storage such as treatment wetlands
may be better suited to promote anaerobic conditions for N removal via denitrification.
DWTRs were not demonstrated to have negative impacts on nitrogen removal in our field
study, so they can be incorporated into bioretention systems targeting both phosphorus and
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nitrogen removal. We do, however, recommend spatial separation between media layers
containing DWTRs and the water saturated zone. The bioretention mesocosms studied in Palmer
et al. (2013) had a saturated zone that coincided with the DWTR layer and P removal efficiencies
were lower than replicates without a saturated zone.
Regular maintenance is critical for the long term function of bioretention (Taguchi et al.
2020), so a realistic maintenance plan should be established before construction of a new system.
Removal of leaves and harvesting of aboveground plant material at the end of each growing
season is important to limit the re-release of sequestered nutrients through decomposition (Davis
et al. 2006). Another important finding of our study was that bioretention cells with identical
media profiles and initial plantings can perform differently due to variables such as inflow
volume, sun exposure, and plant success. Including individuals with knowledge and familiarity
of a proposed bioretention location in the design process to include microclimate and sitespecific design features may improve bioretention performance.

Conclusions
Comparison between the laboratory and field stages of this study show that Al DWTR
amendment does not significantly alter the nitrogen removal performance of bioretention media.
There is the potential for a slight release of dissolved inorganic nitrogen from DWTRs in the first
few storms of a newly constructed bioretention cell as demonstrated in the small column
experiment. However, the large column experiment and field study showed the initial release of
dissolved inorganic nitrogen is insignificant at the quantities that DWTRs would be applied to
bioretention soil media in a real-world setting. In the large column experiment, treatment
columns amended with Al DWTRs from three sources showed no significant differences in NH4+
and NO3- removal from control columns without DWTR amendment. In the field experiment
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while there were differences in nitrogen removal performance among the four cells studies, the
differences were not consistently attributable to the presence of DWTRs.
In the field experiment DWTR amended cells did have higher EMC removal efficiencies
of DON than Control bioretention cells. However, the differences in inflow and outflow
concentrations of DON were not statistically significant for any of the cells over the two-year
monitoring period and DON was not incorporated into the continuous flow-through or large
column experiments so there was no laboratory baseline for comparison. From the results of this
experiment alone we cannot draw a robust conclusion as to whether the higher DON removals
observed in the DWTR amended cells can be directly attributed to the DWTRs themselves.
Future research that more specifically targets the relationship between DWTRs and DON
removal by bioretention systems is warranted.
Overall, while DWTR amendment did not have a notable effect on N cycling, the
removal of dissolved N across all bioretention treatments was poor. There is a paradigm that
phosphorus is the most important limiting nutrient in bodies of fresh water, but green stormwater
infrastructure designed solely with the intent of P removal provides inadequate ability to remove
dissolved nitrogen. Bioretention cells and other green stormwater infrastructure with spatially
separated design elements that specifically target both P and N removal are recommended for
more effective protection of surface waters from eutrophication and harmful cyanobacteria
blooms.
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